Bacteria are known to adapt to environmental changes such as temperature fluctuations. It was found that temperature affects the lysis-lysogeny decision of such that at body temperature (37°C) the phage can select between the lytic and lysogenic pathways, while at ambient temperature (20°C) the lytic pathway is blocked. This temperature-dependent discriminatory developmental pathway is governed mainly by the phage CII activity as a transcriptional activator. Mutations in cII or point mutations at the p RE promoter lead to an over-1,000-fold increase in mature-phage production at low temperature while mutations in cI cause a smaller increase in phage production. Interference with CII activity can restore lytic growth at low temperature. We found that at low temperature the stability of CII in vivo is greatly increased. It was also found that phage DNA replication is blocked at 20°C but can be restored by supplying O and P in trans. It is proposed that CII hampers transcription of the rightward p R promoter, thus reducing the levels of the O and P proteins, which are necessary for phage DNA replication. Our results implicate CII itself or host proteins affecting CII stability as a "molecular thermometer".
Bacteria are adapted to respond to environmental changes such as rapid changes in temperature. Processes involved in the heat shock response have been intensively studied, and the central role played by the heat shock sigma factor 32 , and the host chaperones, is rather well understood (8) . In contrast, the key bacterial regulatory factors responsible for sensing low temperatures are not well understood. It has been shown that a number of Escherichia coli genes, including cspA, coding for the major cold shock protein CspA, are induced when cells are transferred to low temperature (20) . The expression of the cspA gene in response to temperature shift was found to be subject to multilevel control, including control of transcription initiation, translation initiation, and mRNA stability (4, 12, 20) .
Bacteriophage infection may follow two alternative developmental pathways: lysogenic, leading to the establishment of a stable prophage, or lytic, leading to the production of phage progeny. The lysis-lysogeny decision is based on the action of several phage-encoded functions that interact with host factors. The lysogenic pathway is governed by CII, which acts as a transcriptional activator of the p RE , p I , and p aQ promoters (see Fig. 1 ). The CII protein is rapidly degraded. The CII protein extends the half-life of CII, presumably by inhibiting protease activity (1, 2, 17, 27) . Thus, CIII in effect prolongs the duration of CI expression from the p RE promoter, and this in turn promotes the lysogenic pathway (26) . The level of CII is finely tuned, and rapid repressor synthesis from p RE is restricted to a very narrow time window following phage infection (see reference 22 for detailed analysis).
It is not known how environmental stress influences CII levels and how these in turn determine the pathway of development. Two host genes, hflA and hflB, are essential for the lysis-lysogeny decision (3, 7) and were both shown to be involved in CII proteolysis in vivo (2, 17) . HflB is identical to FtsH (15) , which was demonstrated to act as an ATP-dependent protease that is able to degrade 32 , CII, and CIII (30, 35) . The hflA locus was found to consist of three genes, hflX, hflK, and hflC (23), whose precise functions are not known. Recently, it was shown that HflK and HflC are membranebound proteins that are capable of forming a complex with FtsH (21) .
At low temperature (20°C), phage development is restricted to the lysogenic pathway (9, 10) . We have previously shown that the activity of the early p L promoter is inversely dependent on temperature (10) . However, this alone cannot explain the mechanisms underlying the phage response to cold stress. In this work we have determined that the CII protein inhibits the lytic pathway at low temperatures. Our results suggest that stabilization of CII at low temperature plays a key role in the sensing of low temperature.
MATERIALS AND METHODS
Bacterial strains, phages, and plasmids. For most of the experiments we used the E. coli K-12-derived N99 strain. Strain WAM105 is an rpoA341 derivative of WAM106 (34) . For phage burst size determination we used strain MG1655 (19) . Phages cI502, cI90, cI60, cI857, cI857cIII611, cI857cII68, cII60cII41, cy42, cy3003, and c17 are from our collection. Plasmid pAR145 (36) carries the ftsH gene under P lac control. CII protein was expressed from plasmid ptacCII or pMO23 (24) or from pSKCII, which carries cII under P tac control in the pGB2 vector (5), a low-copy-number plasmid carrying the pSC101 origin of replication and the spectinomycin resistance gene. Plasmid pTC1 (14a) contains the O and P genes under P tet control. Induction of O and P was achieved with autoclaved chlorotetracycline (10 g/ml). Plasmid pHG92 carries the p RE promoter ( coordinates 38480 to 38210) fused to lacZ in the pHG86 vector (11) .
Determination of kinetics of phage lytic development and burst size was performed with one-step growth experiments as previously described (31) . In brief, cells were infected at low multiplicity, 0.05. Following adsorption, the free phages were removed by centrifugation followed by treatment with anti-serum and the infected cells were diluted and grown at the appropriate temperature. The number of infected cells was determined by plating samples of the infected cells in the presence of an indicator lawn. In experiments performed at low temperatures, the phage-bacterium mixtures were incubated for 5 min at 30°C prior to transfer to the low temperature, to allow DNA injection.
Media. Bacteria were propagated in Luria broth (LB) medium. When required, antibiotics were added to final concentrations of 50 g/ml (ampicillin), 35 g/ml (chloramphenicol), 40 g/ml (kanamycin), and 50 g/ml (spectinomycin).
Protein labeling. For protein labeling, the cells were grown in M9 medium supplemented with 0.2% glucose, 1 g of B1 per ml, 1 g of biotin per ml, and a mixture of amino acids (20 g/ml each), with methionine and cysteine omitted. Proteins were labeled with [
35 S]methionine (New England Nuclear) at a final concentration of 100 Ci/ml for 1 min and chased with a 1,000-fold excess of nonlabeled methionine. The labeled proteins were precipitated with 10% trichloroacetic acid, and equal amounts were loaded on a sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) (15% polyacrylamide) gel. The gels were analyzed and the CII band was quantitated by using a Fujix BAS100 phosphorimager.
DNA replication. Measurements of the increase in the amount of DNA during infection were done by Southern blot analysis. Total DNA was isolated from infected bacteria at different times postinfection as previously described (38) . Hybridization was done with a digoxigenin-labeled probe (DIG-DNA labeling kit; Boehringer Mannheim) generated from a HindIII-BamHI DNA fragment encompassing the replication region taken from plasmid pKB2 (31) . The results were quantitated by densitometric scanning.
RESULTS
Identification of phage mutations that can restore lytic growth at low temperature. To identify the genes that inhibit the progress of the lytic cycle at low temperature, we screened known mutants for those that can proceed through the lytic cycle at 20°C. We first tested mutants with mutations in key regulatory genes such as cI and cII (Fig. 1 ). Infected cells grown at 30°C were divided for further incubation at 20 or 30°C and assayed for the production of mature phages. The results presented in Fig. 2 show that a mutation in cII leads to an over-1,000-fold increase in phage yield at 20°C. Similar results were obtained when the cells were adapted to growth at low temperature prior to infection ( Table 1 ), suggesting that this phenomenon is not due to an initial cold shock response of the host. We further found that there is a gradual increase in phage yield with increasing temperature of incubation from 20 to 37°C (data not shown).
Mutants cI857 and cI857cIII611 did not produce mature phages at 20°C. In contrast, both cI857cII68 and the mutant with the double mutation in cII, cIIsus60sus41, significantly increased phage growth at low temperature (Table 1) . Mutations in the p RE promoter (cy42 and cy3003), the site of action of CII, also enhanced phage production at low temperature (Table 1) . Phages carrying mutations in cI also increased phage growth at low temperature, although to a smaller extent. Mutations in cII were more effective than mutation in p RE (cy) in enhancing phage production, suggesting that the inhibition of the lytic cycle at low temperature may be more complex (Table 1) .
Our results show that the inhibition of the lytic cycle is due mainly to the activity of CII and to a lesser extent to the action of the CI repressor.
Interference with CII activity can restore lytic growth at low temperature. The C terminus of the ␣ subunit of RNA polymerase is known to function in transcriptional activation of various promoters (for a review, see reference 18). This region of RNA polymerase was previously shown to be required for full activation of the p RE promoter by CII (13, 37) . We have recently shown that cannot follow the lysogenic pathway upon infection of cells bearing the point mutation rpoA341, a K271E substitution, at the ␣-subunit C terminus due to the inability of CII to act as a transcriptional activator (24, 32) . The rpoA341 mutation suppresses the inhibition of growth at 20°C, resulting in an over-300-fold increase in mature-phage production (experiment 1 in Table 2 ). This finding supports our hypothesis that the action of CII in activating transcription a Cells were grown at either 30 or 20°C before infection. cI857 carries a temperature-sensitive repressor mutation; cI857cII68 carries a cII missense mutation; cIIsus60sus41 carries two nonsense mutations in cII; cI857cIII611 carries a nonsense cIII mutation; cy42 and cy3003 carry point mutations in the CII binding site at p RE ; cI60 and cI90 carry missense mutations in cI; cI502 carries a cI suppressible amber mutation and was isolated in our laboratory; the c17 mutation is described in the text. The average burst size of these phages at 30°C is between 100 and 150.
b Average burst size is given as the number of phage progeny produced during infection at 20°C for 300 min.
is responsible for inhibiting phage development at low temperature.
The major protease responsible for CII degradation is the bacterial FtsH protease (30) . Cells carrying plasmid pAR145, which expresses FtsH (36), induce clear plaque formation by wild-type phage, presumably by increasing the rate of CII degradation (reference 15 and our unpublished results). To verify that CII inhibits phage production at 20°C, we infected cells carrying plasmid pAR145 at low temperature. Indeed, we found that the presence of unregulated FtsH expression reversed the effect of CII and allowed phage production at low temperature (experiment 2 in Table 2 ). These results substantiate the notion that the inhibition of the lytic cycle at low temperature is due to CII function.
Supply of O and P functions can restore lytic growth at low temperature. It is known that the activation of transcription from p RE reduces rightward transcription from p R as a result of antisense convergent transcription (29) . Therefore, transcription from p RE inhibits the synthesis of O and P proteins, which are essential for initiating DNA replication (for a recent review, see reference 33). Indeed, we found that supplying O and P functions in trans, from a plasmid, increased cI857 production at low temperature whereas the additional supply of the O and P functions to the infecting cI857cII68 phage did not increase phage yield (experiment 3 in Table 2 ).
Further support for limiting O and P proteins at low temperature comes from infection of cells with the mutant phage c17. This phage carries a secondary rightward promoter that allows for unregulated expression of the phage products CII, O, and P (25, 28). We found a ca. 1,000-fold increase in phage yield following infection with c17 relative to levels obtained with wild-type (Table 1) . These results strongly suggest that the enhanced activity of CII at p RE at low temperature results in limited expression of the O and P genes, leading to the inhibition of phage DNA synthesis.
Phage DNA replication is inhibited at low temperature. To test directly the effect of CII on phage DNA replication at low temperature, we monitored the level of phage DNA synthesized after infection by Southern DNA hybridizations. Very limited DNA synthesis was observed following infection by cI857 at 20°C. In contrast, significant phage DNA replication was observed when the cells were infected by a phage carrying a defective cII gene (Fig. 3) . The results presented above strongly suggest that inhibition of DNA replication is responsible for the impaired lytic development of the phage. Moreover, CII is responsible for the inhibition of DNA replication at low temperature.
Stability of CII is enhanced at low temperature. CII was shown to be degraded very rapidly at elevated temperatures. We tested, by pulse-chase experiments, the possibility that CII is stabilized at low temperature. Cells carrying the ptacCII plasmid were grown at 30°C to mid-logarithmic phase, induced for 15 min with IPTG (isopropyl-␤-D-thiogalactopyranoside), and labeled with [
35 S]methionine for 1 min. An excess of nonradioactive methionine was then added, and the culture was divided and further incubated at different temperatures. We found that whereas at 42 and 37°C the half-life of newly syn- a Strains WAM106 (wild type) (wt) and WAM105 (its rpoA341 derivative) were infected with cI857, and the burst size was determined after 300 min of incubation at 20°C or 120 min at 30°C.
b WAM106 cells carrying the plasmid vector pSC101 or its pAR145 derivative carrying the ftsH gene were infected with cI857 at 20 or 30°C in the presence of 1 mM IPTG, and the burst size was determined after 300 or 120 min, respectively. c WAM106 cells carrying the plasmid vector pCattTrE18 (constructed by M. Koob at the University of Wisconsin) or its derivative pTC1 expressing the O and P proteins were infected with cI857 or cI857cII68, and the burst size was determined after 300 min of incubation at 20°C or 120 min at 30°C. O and P were induced by the addition of chlorotetracycline (10 g/ml) at the time of infection. thesized CII is about 2 to 3 min, at 25 and 20°C it increased to around 30 min (Fig. 4) . Intermediate levels were observed at 30°C. Similarly, we found that CII synthesized at 20°C was also very stable, with a half-life of over 20 min, whereas CII synthesized at 37°C was highly unstable, with a half-life of 1 to 2 min (data not shown). To test whether the increased stability of CII at low temperature is a consequence of excess CII synthesis, we determined the rate of CII synthesis, by a 1-min pulselabeling experiment, following 15 min of induction at various temperatures. It was found that the ratio of CII synthesized at 20, 30, 37, and 42°C was 1:1:2:4, respectively. Thus, it can be concluded that CII stability is greatly increased as the temperature is lowered. This dramatic increase cannot be attributed to the small changes in the rate of CII synthesis seen. Activation of p RE -lacZ by CII. We attempted to assess the activity of CII as a function of temperature by monitoring the level of ␤-galactosidase expressed from a p RE -lacZ fusion in cells in which CII was provided by a low-copy-number plasmid, pSKCII. The results presented in Table 3 show that the induction of CII led to a ca. 100-fold induction of ␤-galactosidase at 42°C. However, expression was dramatically reduced as the temperature was lowered. The induction of the wild-type lac operon was similarly inhibited by CII at low temperature. A general inhibition of transcription by CII was previously noted at 42°C (14, 27) . The nonspecific inhibition by CII hampered our attempts to monitor the specific action of CII at P RE .
DISCUSSION
At low temperatures phage can follow the lysogenic pathway but is unable to enter the lytic cycle. We found that mutations in cII and p RE and, to a lesser extent, in cI enable phage production at low temperature. A host mutation, rpoA341, known to impair CII activity at p RE , also allowed phage production at low temperature. Finally, the presence of a plasmid carrying the ftsH gene in the infected cells relieves the inhibitory effect of CII at low temperature. CII interfered with phage DNA replication, which was restored by supplying the O and P proteins in trans. It was found that CII stability is greatly increased at low temperature. Taken together, these results suggest that CII acts as an inhibitor for the lytic pathway at low temperature.
It was previously shown that the activation of transcription from p RE reduces rightward transcription from p R as a result of antisense convergent transcription (29) , suggesting that transcription from p RE may inhibit the expression of O and P proteins. We found, however, that expression from the CIIdependent p RE -lacZ fusion and from the authentic lac promoter was dramatically reduced as the temperature was lowered. This nonspecific inhibition of transcription may reflect an artifact of the experimental system, where high levels of CII are expressed from a plasmid. In contrast, during phage infection, the tight control of CII expression, coupled with the increased stability of CII at low temperature, may significantly prolong the period of p RE transcription and at the same time may inhibit other phage promoters nonspecifically. These effects of CII direct phage development towards the establishment of the lysogenic state.
The molecular mechanism for the increased stability of CII at low temperature is not yet known. It is possible that the host function HflA or HflB (FtsH) is inactive at low temperature. However, attempts to reproduce the temperature-dependent proteolysis in a purified in vitro system showed that the rate of degradation of CII by FtsH at 25°C was only twofold slower than that at 42°C (data not shown). It is possible, though, that our in vitro system does not reproduce the in vivo condition. Alternatively, at low temperature, CII may be inaccessible in vivo for degradation by FtsH. Previous experiments showed that CII mutants that are highly unstable are defective in CII tetramer formation (16) . Thus it is possible that tetramer formation may be favored at low temperature, leading to CII protein stability.
We suggest that temperature response plays an important regulatory role in phage development. This phenomenon may be related to the fact that for pathogenic organisms such as E. coli, body temperature is optimal for growth. However, many bacterial species spend an extended time at ambient a A5039 cells containing plasmid pHG92 carrying a p RE -lacZ fusion (ϪCII) were transformed with a second compatible plasmid, pSKCII, carrying cII under P tac control (ϩCII). The cells were grown at 37°C to mid-logarithmic phase in LB medium supplemented with 50 g of ampicillin per ml and, when required, with 50 g of spectinomycin per ml. IPTG (0.2 mM) was added, and the cultures were divided and incubated at the various temperatures. Samples for ␤-galactosidase levels were taken before and 60 min after IPTG induction.
b Noninduced. c W3110 cells were transformed with the pGB2 vector (ϪCII) or with pSKCII (ϩCII). ␤-Galactosidase was expressed from the authentic lac operon. Induction was carried out as described in for the experiment with p RE .   FIG. 4 . Temperature-dependent stability of CII protein. N99 cells carrying the CII-expressing plasmid ptacCII, regulated by lacI q carried on the compatible plasmid pDMI (6) , were grown at 30°C for 16 h and diluted 1:20 for growth at 30°C in minimal media. When the cultures reached an optical density at 600 nm of 0.4, IPTG (1 mM) was added. After 10 min of induction, the cells were labeled with radioactive methionine for 2 min at 30°C and chased with nonradioactive methionine at different temperatures. Samples were removed at various time points therefore and analyzed by SDS-PAGE. The half-life of CII was calculated from plots of CII levels determined by phosphorimaging of the gel.
temperatures and may have developed specific mechanisms to cope with slow growth at low temperature. Phage has similarly evolved to follow the lysogenic pathway but to reject the lytic pathway under adverse conditions. The increased activity of the p L promoter at low temperature and the stabilization of CII both appear to contribute to the adaptive response to low temperature. How CII might act as a phage "molecular thermometer," which has been the subject of this work, remains to be elucidated.
